A pyrolysis/ashing process for poultry manure with the aim of recovering both the potential energy and the plant nutrients is proposed. Volatile compounds derived from the pyrolysis process were subsequently decomposed using a catalyst to produce light fuel gases, while the solid residues (char or ash) were applied to plant cultivation to examine their usefulness as fertilizers. During the poultry manure pyrolysis, the evolution of volatiles was found to occur at temperatures below 500℃ and the volatiles thus derived were effectively converted into light fuel gases by employing a commercial Ni/Al 2 O 3 catalyst. Steam addition promoted the water-gas-shift reaction and resulted in high yields of hydrogen. The plant nutrients nitrogen, phosphorus, and potassium were concentrated in the poultry manure char. Komatsuna cultivation tests demonstrated that this char represented a source of highly available nutrients and produced higher crop yields than conventional fertilizers. The porous structure of the poultry manure char was considered to be an important factor in terms of its function as a fertilizer.
Introduction
The poultry industry is one of the largest and fastest growing agro-based industries in the world but also currently faces a number of environmental challenges. One major issue is the accumulation of large quantities of waste materials, especially manure and litter, as the result of intensive production. Most of the manure and litter produced by the poultry industry is currently applied to agricultural land and various management techniques have been developed to help ensure safe and effective application of manure to cropland. These include incorporating the manure into the soil immediately to minimize runoff and odor problems, spreading early in the day when the air is still cool, restricting application during windy conditions, and applying manure at the appropriate rate based on the crop, soil type, the available nutrient content of the manure, and other factors. When managed correctly, land application is a viable means of recycling nutrients such as nitrogen (N), phosphorus (P), and potassium (K) from manure. However, pollution and nuisance problems can occur when manure is applied under environmental conditions that do not favor agronomic use of the manure-borne nutrients (Bolan et al., 2004; Singh et al., 2013; Wu et al., 2013) . Environmental concerns associated with manure storage facilities and land spreading include leaching losses of N via sub-surface drainage to groundwater, contamination of surface water with soluble and particulate P (Mahimairaja et al., 1994; Adeli et al., 2009) , and reduced air quality by emission of odorous gases, greenhouse gases, dust, and bio-aerosols (e.g., microbes, endotoxins, and mycotoxins suspended in air) (Williams et al., 1999; Ribaudo et al., 2003; Harmel et al., 2004; Nicholson et al., 2004; Millner, 2009 ). In addition, the excessive application of fertilizer-based N or poultry manure can also result in the accumulation of ammonia in soils, causing injury to plants and decreased yields of corn and other crops (Sims and Wolf, 1994) . The continued productivity, profitability, and sustainability of the poultry industry will therefore likely be dependent on advances in poultry waste management.
Appropriate technologies which are environmentally viable and economically feasible are needed for the efficient management of poultry waste. At the same time, significant attention is being focused on biomass wastes as potential sources of renewable energy (Rada et al., 2009; Mǎrculescu et al., 2013) and various technologies have been developed for biomass waste-to-energy research. Sweeten et al. pro-posed a co-firing technology using animal waste (cattle feedlot) and coal in different boiler burner facilities (Sweeten et al., 2003) and it has been shown that poultry manure can be directly used as a fuel source to produce heat energy (Wu et al., 2012; Torretta et al., 2013) . However, one of the problems with using poultry manure as a fuel source is its relatively high moisture content. Another limitation to the adoption of this technology is the potential emission of nitrogen oxides from poultry manure burning due to the high nitrogen content of the waste (Turnell et al., 2007) . Alternatively, the anaerobic digestion of poultry waste can be applied to yield biogas (Gangagni et al., 2012; Nasir et al., 2012; Wu et al., 2012) . Few producers, however, use anaerobic digestion as a method of poultry waste treatment because of unfavorable economics, low biogas yield, and technical operational difficulties (Williams et al., 1999) .
Pyrolysis with volatiles gasification and/or ashing are considered as promising alternative methods, because these disposal processes can significantly reduce the manure volume while also producing valuable gas products Xiao et al., 2010; Li and Takarada, 2013; Mǎrculescu et al., 2013; Torretta et al., 2013) , killing disease-causing pathogens and all weed seeds in the poultry manure and balancing the plant nutrients. The tarry materials derived from poultry waste pyrolysis can be degraded under appropriate catalytic conditions at moderate temperatures. Accordingly, the activities of Ni-based catalysts, calcined dolomites and magnesites, zeolites, olivine, and iron catalysts have all been extensively researched with regard to the catalytic decomposition of biomass tar (Devi et al., 2003; Li et al., 2007) . Supported Ni catalysts were found to be very effective during tar decomposition (Li et al., 2006; Li et al., 2009) and Ni-based catalysts can also effectively transfer the N-containing species in the waste volatiles, such as NH 3 and HCN, into nontoxic N 2 gas simultaneous with the destruction of the tar (Simell et al., 1996; Li et al., 2006; Li et al., 2013) . The resulting pyrolysis char and burnt ash may be used as fertilizers because they contain balanced proportions of the plant nutrients N, P, K, Mg, and Si (Zhang et al., 2009) . Moreover, the high proportion of CaCO 3 in poultry manure was found to promote char gasification during pyrolysis, leading to the formation of porous char with sub-nanometersized pore channels (Sato et al., 2013) . This pyrolysis char is expected to improve the fertility of cultivated soil by increasing not only its nutrient content, but also its waterholding capacity, oxygen diffusion rate, and aggregate stability (Mahimairaja et al., 1995; Adeli et al., 2009) .
In this study, both poultry manure pyrolysis and volatiles gasification were investigated and the catalytic effect of a commercial Ni/Al 2 O 3 material on the volatile decomposition is discussed. The effects of steam addition on gas yields and gas components were also studied. Additionally, the effects of poultry manure char and ash on Komatsuna cultivation were investigated in pot tests.
Materials and Methods

Poultry Manure Properties
A typical poultry manure, hen compost (HC), was employed during this study. The sample was produced from hen manure by anaerobic digestion and aerobic composting. Table 1 shows its analyses as well as heating value. Comparing with pig compost (PC), the HC manure contains greater proportions of ash and has only 57% of the higher heating value (HHV) of the PC sample. The HC and PC ash consist primarily of CaCO 3 along with other major plant nutrients, including N, P, K, and sulfur (S).
Methods of Digested Hen Manure Pyrolysis and Volatiles Reforming
A thermogravimetric (TG) analyzer (TGD-9600s, ULVAC-RIKO, Inc., Yokohama, Japan) was used to study the mass loss characteristics of digested hen manure (0.1 g used for each trial). The trials were conducted in argon between room temperature and 900℃ at a heating rate of 10℃/min.
A two-stage fixed-bed quartz reactor, with an internal diameter of 20 mm and a body length of 900 mm, was used for HC pyrolysis and thermal conversion of the derived volatile matter. A detailed description of this apparatus was provided in our previous publication . For each run, an HC sample of approximately 1 g was placed on the quartz frit of the upper stage. Inert sand was employed as a reference bed material, and a commercial Ni/Al 2 O 3 catalyst (No. C13-4, Süd-Chemie Catalysts Japan, Inc., Ni loading: 20±2 wt.%), was placed in the lower stage of the apparatus to allow for decomposition of volatile compounds generated by the HC. Both the sand and the Ni/Al 2 O 3 catalyst had particle sizes in the range of 0.5-1.0 mm. The gas residence time in the catalyst bed was controlled at approximately 1.0 s. Kaneko et al. During each experimental trial, the lower stage was initially preheated at 20℃/min until it reached the reaction temperature of 650℃, after which the upper stage was heated from ambient temperature to 900℃ at a rate of 10℃/min. The resulting volatile compounds were then transferred to the lower stage of the reactor for thermal conversion. In steam gasification tests, steam was fed through a branch inlet that was attached to the main reactor at a point 50 mm below the frit in the upper stage. When the upper stage temperature reached 100℃, steam was introduced and subsequently flowed down to the catalyst stage. The partial pressure of the steam in the lower stage was controlled at 30 kPa using argon gas as the balance.
Analytical Methods
Product gases were analyzed using an off-line gas chromatograph equipped with a thermal conductivity detector (TCD) and flame ionization detector (FID) (GC-2014B, Shimadzu Corp., Japan). Prior to gas sampling, the undecomposed tar materials were removed from the gas stream through a series of water traps situated in ice baths.
An X-ray diffraction spectrometer (XRD; M03XHF 22 , Mac Science Co., Ltd, Cu Kα radiation, 40 kV, 30 mA) and instrumentation that allowed for automatic gas and vapor adsorption measurements (BELSORP-max, BEL Japan Co., Ltd., using liquid nitrogen at -196℃) were employed for characterization of the manure char and ash.
Komatsuna Cultivation Tests
Komatsuna cultivation trials were performed using the HC char and ash products as well as standard chemical fertilizers. During these trials, ammonium sulfate was added to the HC char and ash pots to ensure that the nitrogen application rates were equivalent to the rates suggested by the Japanese Ministry of Agriculture, g/m 2 N-P-K). The Komatsuna plants were either harvested or examined throughout the span of a 15-day growth period.
Results and Discussion
Temperature-programmed Pyrolysis of Poultry Manure
The thermogravimetric weight loss and differential thermogravimetric (DTG) weight loss rate curves obtained for the poultry manure are shown in Fig. 1(a) . In the DTG curve, two sharp peaks are observed, the first of which starts at about 200℃ and reaches its maximum value at 290℃. The weight loss begins to slow at pyrolysis temperatures above 330℃ and proceeds even more slowly above 500℃. The 33.8 wt.% loss between 200 and 500℃ is attributed to the evolution of volatile compounds. These pyrolysis results can be best understood by considering the three main components of biomass materials, hemicellulose, cellulose, and lignin, and weight loss below 500℃ is generally considered to be due to the volatilization of these main components (Yang et al., 2007) . The gas evolution trends associated with the weight loss are shown in Fig. 1 (b) . Interestingly, during the first significant weight change of nearly 35 wt.% (between 200 and 500℃) only 10 wt.% of the evolved gases are observed.
The other significant weight loss of 21.6 wt. % occurs between 660 and 780℃ and is primarily attributed to thermal decomposition of the CaCO 3 present in the samples, the presence of which is a result of the feed consumed by the Journal of Poultry Science, 51 (4) 
The majority of the evolved gas over this temperature range, however, was found to be CO rather than CO 2 , which indicates that the CO 2 evolved from the calcination of CaCO 3 undergoes an efficient reaction with carbon in the manure char to produce CO gas (Eq. (2)). The CO 2 gasification of the HC char is believed to have been significantly influenced by the Ca, K, and P content in the original poultry manure, because these minerals enhance the quantity of subnanometer pore channels in the manure char (Sato et al., 2013) .
Catalytic Decomposition/Gasification of Digested Hen Manure Volatiles over a Ni/Al 2 O 3 Catalyst
The catalytic behaviour of a commercial Ni/Al 2 O 3 catalyst was investigated during the decomposition/gasification of HC-derived volatiles under an inert gas flow or with the addition of steam. During these trials the second-stage temperature was set at 650℃ because this is the temperature at which nickel catalysts exhibit the highest activity for biomass tar decomposition (Li and Takarada, 2013) . The resulting gas product yields are compared in Fig. 2 , from which it can be seen that the presence of the Ni/Al 2 O 3 catalyst dramatically increases gas production. The gas yields are observed to increase to particularly high levels with pyrolysis temperatures in the range of 300-500℃, with accompanying evolution of primarily volatile compounds (see Fig. 1 (a) ). Analysis of pyrolysis gases, shown in Fig. 1(b) , also demonstrates that the total gas yields are increased to six when steam was added, comparing to argon flowing only. Following these trials, no hydrocarbons could be detected in the tar trap by a TOC analyzer. In the argon flow, calculations showed that more than 95.4% of the carbon in the manure volatiles was converted into gas products while little carbon was deposited on the catalyst. By contrast, the volatile compounds were completely converted to gaseous products without carbon deposits on the catalyst, when steam was introduced into the reaction system. During these trials, hydrogen and carbon oxides were obtained as the main product gases. The steam addition process produced a particularly high proportion of H 2 gas as the result of the water-gas-shift reaction shown in Eq. (3).
The effects of both the Ni/Al 2 O 3 catalyst and the steam on the manure volatiles conversion were estimated from the cold gas efficiency: the ratio between the chemical energy of the product gases to the chemical energy of the original fuel sample. This term was calculated in the following manner.
Cold gas efficiency＝[(heating value of product gas)/ (heating value of HC sample)]*100 (4)
The use of the Ni/Al 2 O 3 catalyst increased the cold gas efficiency (provided in Table 2 ) by a factor of 1.9, to 64.4%, while the HHV of the gaseous products was increased to 6982 kJ/g HC. When applying 30 kPa of steam pressure, gasification of the volatiles resulted in the cold gas efficiency reaching an improved value of 72.6%, with a higher HHV of 7870 kJ/g HC. Figure 3 presents the XRD patterns of the HC manure as well as the HC char generated at 900℃, in which the HC manure patterns primarily exhibit crystalline CaCO 3 and Kaneko et al.: calcium phosphate phases. After pyrolysis treatment at temperature up to 900℃, a CaO phase appears in the resulting char, while the CaCO 3 phase is disappeared and the calcium phosphate phase remains and the pattern becomes better defined. The phosphorus in raw poultry litter is predominantly in the form of inorganic substances (35-41%), including dibasic calcium phosphate, amorphous calcium phosphate as well as weakly bound water-soluble phosphates (Sato et al., 2005) , and organic compounds (58-65%), mainly salts of phytic acid (Turner and Leytem, 2004) . During the thermal cracking and evolution of volatiles from the organic matter, the majority of the organic P may be captured by the CaCO 3 in the material, generating calcium phosphate and during this study it was determined that pyrolysis, even at 900℃, only slightly reduced the level of P in the material. As shown in Table 3 , between 87 and 95% of the original P remained in the HC chars. This condensed phosphorus can then be used as a fertilizer.
XRD Analyses of HC Char and Phosphorus Determination
Poultry Manure Treatment: Catalytic Gasification
Fertilizer Studies Using HC Char and Ash to Assist Komatsuna Growth
Both digested hen compost and the materials derived from the compost can be used as soil additives for agricultural crops and will provide quantities of essential major plant nutrients (N, P, and K), secondary nutrients (Ca, Mg, and S), and some of the trace elements (Cu, Zn, and Mo) (Bolan et al., 2010) . The HC char and ash for these trials were prepared at a moderate temperature of 630℃. The major nutrients in the HC char, HC ash and PC ash are summarized in Table 4 .
The HC char, ash, and chemical fertilizers were applied to Komatsuna cultivation tests. The Komatsuna was harvested after 15 days of growth and the resulting data are summarized in Table 5 . There were no significant differences in the plant heights between the samples treated with HC char, ash, and the chemical fertilizers. In terms of plant weight, however, the HC char produced the highest yields, followed by the chemical N-P-K fertilizers and the HC ash, such that Journal of Poultry Science, 51 (4) application of the HC char increased the mean plant weight by 10 percent compared with the chemical fertilizers. These results suggest that the HC char acted not only as a fertilizer but also as a soil enhancer. The high levels of Ca and K in the poultry manure may increase the formation of porous structures with sub-nanometer-sized (4.5 nm) pore channels and high surface areas (1075 m 2 /g-C) (Sato et al., 2013) . The porous structure of the bio-char thus improves the fertility of the soil by assisting the diffusion of nutrients and oxygen and increasing the water holding capacity and the soil aggregate stability (Mahimairaja et al., 1995; Adeli et al., 2009) .
Conclusions
Two significant weight loss events were observed during the pyrolysis of the digested hen manure, owing to the evolution of volatiles between 200 and 500℃ and the calcination of CaCO 3 above 700℃. The majority of the P was captured by CaCO 3 in the manure and converted into calcium phosphate, thus the P content changed only slightly during the pyrolysis process.
The volatile products were efficiently converted using a commercial Ni/Al 2 O 3 catalyst to generate fuel gases. The addition of steam promoted the complete gasification of the volatiles and led to elevated hydrogen yields.
The HC char was found to serve as a source of highly available nutrients during Komatsuna cultivation, and higher yields were obtained using the char compared with those obtained with conventional fertilizers. The porous structure of the HC char was believed to be responsible for the significant improvement observed during plant cultivation.
